Molecular events that result in loss of pain perception are poorly understood in diabetic neuropathy. Our results show that the receptor for advanced glycation end products (RAGE), a receptor associated with sustained NF-kB activation in the diabetic microenvironment, has a central role in sensory neuronal dysfunction. In sural nerve biopsies, ligands of RAGE, the receptor itself, activated NF-kBp65, and IL-6 colocalized in the microvasculature of patients with diabetic neuropathy. Activation of NF-kB and NF-kBdependent gene expression was upregulated in peripheral nerves of diabetic mice, induced by advanced glycation end products, and prevented by RAGE blockade. NF-kB activation was blunted in RAGE-null (RAGE -/-) mice compared with robust enhancement in strainmatched controls, even 6 months after diabetes induction. Loss of pain perception, indicative of long-standing diabetic neuropathy, was reversed in WT mice treated with soluble RAGE. Most importantly, loss of pain perception was largely prevented in RAGE -/-mice, although they were not protected from diabetes-induced loss of PGP9.5-positive plantar nerve fibers. These data demonstrate, for the first time to our knowledge, that the RAGE-NF-kB axis operates in diabetic neuropathy, by mediating functional sensory deficits, and that its inhibition may provide new therapeutic approaches.
Introduction
Neuronal dysfunction that leads to loss of pain perception triggers a cascade of events that finally results in nonhealing diabetic ulcers, a major cause of morbidity in patients with diabetes (1) . Hyperglycemia triggers a number of mechanisms thought to underlie diabetic neuropathy (2) , including generation of free radicals (3), activation of the polyol pathway (4), induction/activation of PKC (5) , microvascular disease (6-10), aberrant regulation of neurotrophic factors (11) , C-peptide deficiency (12) , and formation of advanced glycation end products (AGEs) through nonenzymatic glycation (13) . Although extensive accumulation of AGEs, in particular carboxymethyllysine (CML) adducts, has been described in peripheral nerves of patients with diabetes mellitus (13) (14) (15) , functional effects of AGE deposition and AGE-mediated cellular signaling on neuronal dysfunction have not been defined.
Based on studies in a range of experimental models, neuronal dysfunction is closely associated with activation of NF-κB (16) and expression of proinflammatory cytokines, such as IL-6 and TNF-α (16) (17) (18) . For example, antioxidants, which suppress activation of NF-κB in vitro (19) and in diabetic patients in vivo (20) , attenuate symptoms in somatic and autonomous neuropathies and ameliorate blood flow in some but not all clinical trials (21) (22) (23) .
In view of previous observations indicating that ligation of the receptor for advanced glycation end products (RAGE) results in sustained activation of NF-κB (24), we considered the hypothesis that RAGE-ligand interaction might contribute to neuronal dysfunction and, ultimately, neuropathy in diabetes. A logical starting point for the cascade of events resulting in RAGE-mediated cellular activation would be hyperglycemia-induced overproduction of mitochondrial superoxide, eventuating in AGE formation (25, 26) . In this context, recent studies in mononuclear blood cells have shown that a 2-hour period of hyperglycemia is sufficient to form intracellular AGEs, in particular, CML adducts, and to activate NF-κB and subsequent NF-κB-dependent gene expression (27) . As RAGE itself is subject to regulation by NF-κB (28) , upregulation of RAGE also occurs in an environment rich in RAGE ligands (29) . Since the blood-nerve barrier displays increased permeability to glycated species (30) , AGE-modified adducts, whether formed in the periphery or within the nervous system, have relatively easy access to the vasculature (such as the vasa nervorum) and neurons, potentially causing vascular and neuronal dysfunction, respectively. These considerations prompted us to study the impact of the RAGE-mediated activation of NF-κB on neuronal dysfunction in human sural nerve biopsies and animal models of diabetes in which the RAGE gene was deleted (31) .
Results

Localization and colocalization of CML, RAGE, NF-κBp65
, and IL-6 in sural nerve biopsies of patients with diabetes mellitus. As a first step in defining the possible relevance of AGE-RAGE interaction for activation of NF-κB, expression of NF-κB-regulated cytokines (such as IL-6), and diabetic neuropathy, we performed immunohistochemical studies using patient-derived peripheral nerve samples. Sural nerve biopsies from patients with diabetic neuropathy (types 1 and 2; n = 10; Table 1 ) and Charcot-MarieTooth disease (CMT) (types I and II; n = 6; Table 1 ) along with samples from healthy controls without apparent neuromuscular disease (n = 2) were studied to localize CML, RAGE, activated NF-κBp65, and IL-6 antigens. For ethical reasons, biopsies from diabetic patients without neuropathy were not at disposal.
Only sural nerves from patients with diabetes displayed increased immunoreactivity for CML and RAGE epitopes in a distribution overlapping that observed for activated NF-κB and IL-6 ( Figure 1A ). Immunostaining for a representative biopsy from a patient with diabetes (a 51-year-old woman with type 1 diabetes; Figure 1A ) illustrates these findings; prominent colocalization of these epitopes is observed in epineurial vessels, the perineurium, and endoneurial vessels ( Figure 1, A and B) , consistent with significant upregulation of the AGE-RAGE-NF-κB pathway in these compartments of peripheral nerves in diabetes ( Figure 1B, gray bars) .
In contrast, biopsies from the control group, which included patients with CMT and individuals without any neuromuscular disease, failed to demonstrate coexpression of all 4 antigens (Figure 1B, black bars) , although, occasionally, weak staining for one or another epitope was observed ( Figure 1B , black bars). Remarkably, single Schwann cells expressed RAGE in 10 of 10 diabetic patients and in 4 of 8 patients of the control group but did not display CML, activated NF-κB, or IL-6 (data not shown). S100/calgranulins are other important RAGE ligands known to play a pivotal role in neuronal pathology (32) . S100A8/A9 was expressed only in single epineurial vessels in 8 of 10 diabetic patients and in 4 of 8 control biopsies with no significant difference in the staining intensities ( Figure 1C ), whereas S100B was found neither in patients nor in control biopsies (data not shown). Colocalization of S100A8/A9 and RAGE was only detected in 2 of 10 patients with diabetes.
Taken together, these findings support our hypothesis that the AGE-RAGE-NF-κB pathway in peripheral nerves may be activated in patients with diabetic neuropathy. The etiology of diabetic neuropathy is considered to have a large vascular component. Since the biopsies studied were mainly taken from patients with end-stage vascular disease or to exclude vasculitis, we could not exclude confounding effects of individual inflammatory status or micro-and macrovascular disease on neuronal homeostasis. To further prove our hypothesis, we therefore studied the AGE-RAGE-NF-κB axis in well-defined animal models for experimental diabetic neuropathy.
Diabetes-dependent activation of NF-κBp50/p65 in peripheral nerves. Streptozotocin (STZ) was used to induce diabetes in 8-week-old transgenic mice in which expression of a β-globin transgene was under control of an NF-κB-dependent promoter (33) . Under physiological conditions, constitutive expression of the transgene in these mice is restricted to lymphoid tissues, though activation of the p50/p65 heterodimer confers inducible transgene expression in a range of cell types (24, 33) . Induction of β-globin in sciatic nerves was monitored by semiquantitative RT-PCR, and expression of β-globin transcripts was normalized to the level of β-actin mRNA in each sample. Sciatic nerves from nondiabetic control mice demonstrated low or undetectable levels of β-globin transcripts ( Figure  2A, lanes 1-3) . In contrast, sciatic nerves from diabetic mice (average blood glucose >400 mg/dl for 6 weeks) showed approximately 20-fold induction of β-globin transcripts (Figure 2A , lanes 4-7; P = 0.024). Insulin treatment of diabetic mice, resulting in normalization of blood glucose levels (below 200 mg/dl), reduced β-globin transcription in sciatic nerves ( Figure 2B , lane 2).
To evaluate whether the AGE-RAGE-NF-κB axis contributes to hyperglycemia-induced β-globin gene expression observed in peripheral nerves of diabetic mice, several lines of investigation were undertaken. First, β-globin transgenic mice with overt STZ-induced diabetes (average blood glucose >400 mg/dl for 3 months) received Figure 2C , lane 3), thus implying at least a partial involvement of RAGE. Next, we performed experiments using exogenous AGEs. Healthy 8-week-old β-globin transgenic mice received a single dose of AGE-modified albumin (AGE-albumin) or native albumin (1 mg in each case; 500 μg i.v., 500 μg i.p.) (24) . Sciatic nerves were harvested 6 days later and subjected to RT-PCR for detection of β-globin transcription. As previously described, this AGE concentration is in the range of AGEserum levels determined in diabetic patients and in experimental diabetes (24) . Because of degradation and cellular and urinary AGE clearance, AGE concentrations in the mice 6 days after injection were even below AGE-serum levels found in diabetic patients with good glycemic control. Under these experimental conditions, prominent β-globin transcription was observed in AGE-albumin-treated mice ( Figure 2D , top, lane 2). The level of β-globin transcripts was strongly reduced when mice received either sRAGE (25 μg/mouse i.v.; Figure 2D , top, lane 3) or neutralizing anti-RAGE IgG (40 μg/ mouse i.v.) (24) ( Figure 2D , top, lane 4). The level of β-globin transcripts was undetectable in mice infused with native albumin (Figure 2D , top, lane 1) and in untreated control mice (data not shown). An important feature of RAGE-mediated NF-κB activation is that it upregulates NF-κBp65 expression, thereby promoting sustained activation of this transcription factor in an environment rich in RAGE ligands (24) . An increase in the level of NF-κBp65 transcripts was observed in sciatic nerves from mice receiving AGE-albumin ( Figure 2D , middle, lane 2). Elevated NF-κBp65 transcription in mice treated with AGE-albumin was prevented by simultaneous
Figure 1
Localization of CML, RAGE, activated NF-κBp65, and IL-6 antigens in sural nerve biopsies from patients with diabetes mellitus. (A) Representative immunohistochemical staining of a sural nerve biopsy from a 51-year-old female patient with type 1 diabetes mellitus: CML (first column), RAGE (second column), activated NF-κBp65 (third column), and IL-6 antigen (fourth column) in epineurial vessels (top), perineurium (middle), and endoneurial vessels (bottom). Positivity for the respective antigen is indicated by intense red staining. The faint blue background color is due to counterstaining with hemalaun, indicating the integrity of the tissue investigated. Scale bars: 100 μm. (B) Quantification of staining intensities of epineurial vessels (EP), perineurium (P), and endoneurial vessels (EN) in nondiabetic (black bars, n = 8) and diabetic (gray bars, n = 10) patients. Data are means ± SD; single asterisks denote P values less than 0.05, which we considered to be statistically significant; double asterisks denote P values less than 0.005, which we considered to be highly statistically significant. (C) Comparison of the staining intensity for the RAGE ligand CML (left) and the RAGE ligand S100A8/A9 (right) in sural nerve biopsies from a 56-year-old male patient with CMT-I (top) and a 66-year-old male patient with type 2 diabetes (bottom). Representative epineurial vessels are shown. Magnification, ×400.
treatment with sRAGE or anti-RAGE IgGs ( Figure 2D , middle, lanes 3 and 4). In view of the known association of RAGE-driven NF-κB activation with oxidant stress, we tested the effect of the antioxidant thioctic (lipoic) acid, previously shown to reduce AGE-mediated NF-κB activation in vitro (19) and in vivo (20) . Thioctic acid prevented upregulation of β-globin transcripts in sciatic nerves from mice treated with AGE-albumin ( Figure 2E , top, lane 3). The proinflammatory cytokine IL-6 is an NF-κB-regulated gene (34) that has recently been shown to attenuate nociception in neuropathic rats by inhibition of spinal neuronal responses and thereby to modulate neuronal function (35) . In addition, colocalization of IL-6 with CML adducts as well as RAGE and NF-κBp65 is evident in epineurial and endoneurial vessels and in the perineurium of sural nerve biopsies from patients with diabetes ( Figure 1 ). To assess whether an increase in IL-6 expression is also evident in peripheral nerves in experimental diabetic neuropathy, IL-6-specific RT-PCR was performed in sciatic nerves of diabetic mice and mice treated with AGE-albumin ( Figure 2F ). After 6 weeks of hyperglycemia, the level of IL-6 transcripts increased (Figure 2F , top, lanes 3 and 4). This increase in IL-6 mRNA in diabetic mice was prevented by insulin therapy ( Figure 2F , top, lane 5). In a different experimental system, mice treated with AGE-albumin also showed an increase in IL-6 transcripts ( Figure 2F , bottom, lane 7), which was clearly attenuated (though not completely eliminated) by administration of sRAGE ( Figure 2F , bottom, lane 8) or anti-RAGE IgG ( Figure 2F , bottom, lane 9). When mice exposed to AGE-albumin were treated with thioctic acid, complete inhibition of IL-6 transcripts was observed ( Figure 2F , bottom, lane 10). These data indicate that redox-sensitive mechanisms are essential for AGE-induced NF-κB activation and NF-κB-dependent gene expression such as IL-6 expression. Furthermore, the RAGE-mediated pathway plays an important, though not exclusive, role.
Activation of NF-κB in dorsal root ganglia: effect of RAGE expression. To directly assess whether RAGE participated in hyperglycemia and/ or AGE-dependent NF-κB activation, experiments were performed using dorsal root ganglia (DRG) from homozygous RAGE-null (RAGE -/-) mice (31, 36) and strain-matched (SVEV129×C57BL/6) controls (WT). Cultured DRG from 6-month-old WT and RAGE -/-
Figure 2
Diabetes or AGE-albumin induces transcriptional activity of NF-κB in sciatic nerves. (A) NF-κB-controlled β-globin and β-actin transcription in sciatic nerves of healthy control mice (lanes 1-3) and diabetic mice (lanes 4-7) 6 weeks after induction of diabetes; bar graphs summarize the semiquantitative results (β-globin/β-actin ratio) obtained in all mice studied (black bar, control; gray bar, diabetes). The mean ± SD is reported; *P < 0.05. The number of mice studied was 4 for controls, 5 for diabetes. mice were cultured in either 5 mM or 30 mM glucose for 5 days and then subjected to immunostaining with an antibody selectively recognizing activated NF-κBp65. While DRG from both WT and RAGE -/-mice cultured in 5 mM glucose only occasionally stained strongly positive for activated NF-κBp65 ( Figure 3A) , increasing the glucose concentration to 30 mM resulted in a 2.5-fold increase in WT DRG strongly positive for activated NF-κB65. In contrast, no glucose-dependent increase in activated NF-κBp65 was observed in DRG isolated from RAGE -/-mice ( Figure 3A) . A comparable activation pattern was observed when DRG were incubated with CMLmodified albumin (CML-albumin) ( Figure 3B ) for 5 days. CMLalbumin prepared in vitro was chosen for these experiments, since (a) CML colocalized with RAGE in diabetic sural nerve biopsies, (b) CML was the predominant AGE modification in the AGE-albumin prepared in vitro that was used above (Figure 2) , and (c) chemically produced CML-albumin provides a more defined ligand for RAGE (37) than the crude AGE-albumin. DRG were left untreated (Figure 3 , B, C, and F), exposed to native albumin (data not shown), or incubated with 800 nM CML alone ( Figure 3 , B, D, and G) or in the presence of 100 μM thioctic acid ( Figure 3 , B, E and H). An immunohistochemical signal for activated NF-κBp65 was observed at a low base line in unstimulated cultures (Figure 3 , B, C, and F) and DRG exposed to native albumin (data not shown), independent of cell origin (WT or RAGE -/-mice). After exposure to CML-albumin, DRG obtained from WT mice exhibited prominent activation of NF-κB (P = 0.006; Figure 3 , B and D), while expression of the activated NF-κBp65 epitope increased minimally, without statistical significance, in DRG extracted from RAGE -/-mice (Figure 3 , B and G). Cultures exposed to thioctic acid along with CML-albumin also showed reduced expression of activated NF-κBp65 ( Figure  3 , B, E, and H). It is important to note that thioctic acid reduced the low level of NF-κB activation beyond base line in RAGE -/-DRG, consistent with its ability to suppress both RAGE-dependent and RAGE-independent pathways leading to NF-κB activation.
RAGE-dependent NF-κB activation and induction of IL-6 transcripts in diabetes.
WT and RAGE -/-mice were rendered diabetic with STZ. Six months later, NF-κB activation and IL-6 expression were assessed in the sciatic nerves. Electrophoretic mobility shift assay (EMSA) of nuclear extracts from sciatic nerves was examined for NF-κB binding activity ( Figure 4A ). The intensity of the gel shift band increased 5-fold in diabetic WT mice (P = 0.0004). In contrast, there was no increase in intensity of the gel shift band when nondiabetic and diabetic RAGE -/-mice were compared (Figure 4A ). A plot of the level of NF-κB binding activity against the blood glucose over the 6-month experimental period indicated a significant positive correlation in WT mice (P = 0.0001; Pearson coefficient = 0.867; r 2 = 0.745; Figure 4A , left), but not in RAGE -/-mice (P = 0.7329; Pearson coefficient = -0.094; r 2 = -0.0089; Figure  4A , right). These data indicate a central role for RAGE in diabetesdependent NF-κB activation in peripheral nerve.
We next sought to determine whether expression of IL-6 transcripts in diabetic peripheral nerve would be affected by RAGE. RT-PCR analysis was performed on peripheral nerve using primers for IL-6 in a semiquantitative approach (as in Figure 2 ). Euglycemic WT mice demonstrated very low or undetectable levels of IL-6 transcripts, whereas WT mice studied after 6 months of diabetes displayed an approximately 2.7-fold increase in IL-6
Figure 3
DRG from RAGE -/-mice exhibit reduced NF-κBp65 inducibility in response to hyperglycemia or CMLalbumin. (A and B) DRG from WT and RAGE -/-mice were (A) cultivated for 5 days in 5 mM glucose or 30 mM glucose or (B) cultivated for 5 days without further treatment or with CML (800 nM) in the absence or presence of thioctic acid (TA), before immunocytochemistry for activated NF-κBp65 was performed. Bar graphs summarize the number of cells strongly positive for activated NF-κBp65. The mean ± SD is reported; *P < 0.05; **P < 0.005. (C-H) Immunocytochemistry for activated NF-κBp65 antigen in DRG isolated from WT (C-E) or RAGE -/-(F-H) mice, which were untreated (C and F) or had been stimulated with CML in the absence (D and G) or presence (E and H) of thioctic acid. Positivity for activated NF-κBp65 is indicated by a dark brown color. The experiment was repeated 3 times with identical results. One representative staining is shown. Magnification, ×400.
mRNA (P = 0.015; Figure 4B ). The situation was quite different in RAGE -/-mice; there was a small increase (approximately 1.5-fold) in IL-6 transcripts, but this did not achieve statistical significance (P = 0.195; Figure 4B ). It should be noted that baseline levels of IL-6 transcripts were higher in RAGE -/-mice than in WT mice (Figure 4B) , which is analogous to what was observed for NF-κB activation ( Figure 4A ). This slightly elevated NF-κB activation is consistent with previous observations in other tissues of RAGE -/-mice (36) . Studies are currently under way to identify the mechanism underlying the mild proinflammatory phenotype of RAGE -/-mice. The impact of hyperglycemia was shown by plotting of the IL-6/ β-actin ratio against blood glucose levels that were maintained throughout the experiment ( Figure 4B, bottom panel) . In WT mice, the level of hyperglycemia strongly correlated with expression of IL-6 transcripts (P = 0.0098; Pearson coefficient = 0.751; r 2 = 0.8704; Figure 4B , bottom left). This was not the case in RAGE -/-mice. There was no significant correlation between the extent of hyperglycemia and the level of IL-6 transcripts (P = 0.2909; Pearson coefficient = 0.386; r 2 = 0.1493; Figure 4B , bottom right).
Diabetes-induced loss of pain perception: effect of RAGE expression. To further determine the contribution of RAGE to diabetes-induced loss of pain perception, indicative of long-standing diabetic neuropathy, mice were tested for thermonociception using the hot-plate test at 50-55°C (38, 39) . When healthy β-globin transgenic mice (see also Figure 2C ) were compared with littermates that had had STZinduced diabetes for 3 months, pain perception in diabetic mice was significantly reduced (Figure 5 ), and lifting, licking, and jump latency at 55°C declined from 7.3 ± 2.1 seconds to 11.4 ± 4.6 seconds (P = 0.0005). Treatment with sRAGE (100 μg/mouse/day for 3 weeks) completely restored pain perception and corrected the latency time to 7.1 ± 1.9 seconds (P = 0.003; Figure 5 ).
These data indicated that RAGE contributes to the diabetes-mediated increase in nociceptive threshold. Thus, we asked whether RAGE deficiency protects from diabetes-associated loss of cutaneous nerve fibers. When footpad sections of healthy and diabetic mice were stained with the neuronal marker protein gene product PGP9.5 (40) , however, diabetic RAGE -/-mice displayed reduced cutaneous innervation in footpad skin regions to the same extent that diabetic WT mice did ( Figure 6A ). No changes in foot skin thickness could be detected morphologically (data not shown). In addition, no significant differences in motor and sensory nerve conduction velocities (measured under temperaturecontrolled conditions) were observed between healthy and diabetic nor between WT and RAGE -/-mice (data not shown).
Figure 4
Diabetes-induced NF-κB activation and NF-κB-dependent gene expression are reduced in RAGE -/-mice. (A) Top: NF-κB binding activity in sciatic nerves of healthy and diabetic WT and RAGE -/-mice 6 months after diabetes manifestation, measured by EMSA. The arrow indicates the NF-κB complex. BG, blood glucose (mg/dl, as indicated). Middle: Signals obtained in all mice were quantified by densitometry as summarized in the bar graph (black bars, control; gray bars, diabetes). The mean ± SD is reported. Bottom: Correlation of NF-κB signal intensity with the blood glucose levels of each mouse maintained throughout the experiment. The number of mice studied was 7 for WT controls, 6 for WT mice with diabetes, 8 for RAGE -/-controls, and 8 for RAGE -/-mice with diabetes. **P < 0.005. (B) Top: NF-κB-dependent IL-6 transcription in sciatic nerves from healthy and diabetic WT and RAGE -/-mice, determined by semiquantitative RT-PCR. Middle: Bar graphs summarize the IL-6/β-actin ratio obtained in all mice (black bars, control; gray bars, diabetes) (left graph) and the extent of IL-6 induction in diabetic mice (right graph). The mean ± SD is reported. Bottom: Correlation of the IL-6 mRNA/β-actin ratio with the blood glucose level of each individual mouse. The number of mice investigated by RT-PCR was 3 for WT controls, 6 for WT mice with diabetes, 4 for RAGE -/-controls, and 6 for RAGE -/-mice with diabetes. *P < 0.05; **P < 0.005.
However, when the nociceptive threshold at 50°C was determined in WT and RAGE -/-mice, diabetes-induced loss of pain perception was largely prevented in diabetic RAGE -/-mice ( Figure 6B ). While the basal pain response in the hot-plate test did not differ significantly between WT and RAGE -/-mice ( Figure 6B , black bars), nociceptive threshold in WT mice with STZ-induced diabetes was significantly increased after 6 months ( Figure 6B ). Importantly, deletion of the RAGE gene afforded protection from the increased nociceptive threshold caused by diabetes, with the time recorded until mice showed signs of discomfort being significantly longer in diabetic WT mice (45.02 ± 10 seconds) than in diabetic RAGE -/-mice (37.52 ± 16 seconds; P = 0.007; Figure 6B ). Diabetes prolonged the mean latency by 12.6 seconds in WT mice, but only by 8.8 seconds in RAGE -/-mice (P = 0.014; Figure 6C ). These results imply that RAGE is involved in diabetic neuropathy, by mediating functional sensory deficits, but not in loss of small nerve fibers, as evidenced by the number of PGP9.5-positive cutaneous nerve fibers counted ( Figure 6A ).
Discussion
There are multiple potential mechanisms by which hyperglycemia results in the sustained cellular perturbation that underlies the chronic complications that contribute to morbidity and mortality in diabetes (25, 26) . The data presented herein demonstrate a role for AGEs via the receptor RAGE in triggering events that lead to neuronal dysfunction and, ultimately, neuropathy. Previous studies have shown upregulation of RAGE and its ligands, such as AGEs and S100/calgranulins, at sites of vascular lesions in diabetes (24, 29, 41, 42) . Other studies have displayed enhanced expression of RAGE in juxtaposition to sites of deposition of amyloid-β peptide (Aβ), another ligand of RAGE, in brains of patients with Alzheimer disease (43) . To our knowledge, ours is the first study showing that RAGE expression is enhanced in cells proximal to accumulated AGEs in peripheral nerves of patients with diabetes and neuropathy.
One of the salient features of RAGE-mediated cellular activation concerns its chronicity. In a previous in vitro study, we found that, in contrast to cytokine-mediated NF-κB activation, which is relatively brief in duration (over hours), AGE-RAGE-induced nuclear translocation of NF-κB lasted much longer (more than 1 week) (24) . In diabetes, activation of this transcription factor also appears to be sustained in clinical as well as laboratory settings (24) . For the current studies with STZ-induced diabetes, NF-κB activation in sciatic nerves was evident based on expression of a β-globin transgene driven by NF-κB promoter elements. A key question concerns the means by which the immediate effects of hyperglycemia are converted to sustained cellular activation in peripheral nerve tissue. One potential mechanism appears to involve formation of AGEs and their interaction with cells within the nerve bearing RAGE. First, infusion of AGE-albumin into euglycemic mice led to activation of NF-κB and expression of an NF-κB-regulated gene, IL-6. Preventing access of this AGE ligand to cell surface RAGE, using either sRAGE or anti-RAGE IgG, largely suppressed both NF-κB activation and expression of IL-6 transcripts in sciatic nerve. Second, exposure of DRG cells to hyperglycemia or CML-albumin (carboxymethylation of lysine represents the most abundant AGE modification identified in vivo; refs. 14, 15, 37, 41, 42) caused appearance of activated NF-κBp65 epitopes in the nucleus in diabetic WT mice, whereas the response to both stimuli was strongly blunted in RAGE -/-mice. Third, diabetic WT mice demonstrated both NF-κB activation and expression of IL-6 transcripts in sciatic nerve, both of which were attenuated in RAGE -/-mice. Taken together, these data indicate that AGE-RAGE interaction is a possible mechanism underlying sustained activation of NF-κB, as well as expression of an NF-κB-regulated gene, i.e., IL-6, in peripheral nerves of diabetic mice.
The central issue concerns the functional significance of RAGEmediated cellular activation for diabetic neuropathy. Our experiments evaluating the nociceptive threshold in diabetic mice bear directly on this issue. Whereas WT mice rendered diabetic displayed the expected increase in nociceptive threshold, RAGE -/-mice showed minimal changes in their response to a noxious test stimulus ( Figure 6B ). Although sensory deficits evidenced by loss of pain perception were reduced in diabetic RAGE -/-mice, diabetes-induced loss of PGP9.5-positive small plantar nerves was similar to that observed in diabetic WT mice ( Figure 6A ). Therefore, RAGE seems to be involved in loss of function, but not in organic structural damage mediated by diabetes. Consistently, treatment of diabetic mice with sRAGE restores pain perception by correcting neuronal deficits ( Figure 5 ). It is noteworthy that sRAGE completely restored pain perception in diabetic WT mice ( Figure 5 ), while RAGE -/-mice were only partly protected from diabetes-induced sensory deficits. This indicates that sRAGE inhibits ligands capable of binding RAGE, but also of interacting with other binding sites that contribute to the diabetes-dependent increase in nociceptive threshold.
These observations raise multiple questions regarding mechanisms by which RAGE triggers signaling pathways that lead to neuronal dysfunction. Although RAGE is known to induce
Figure 5
Diabetes-induced loss of pain perception is reduced in the presence of sRAGE. β-Globin transgenic mice that had had diabetes for 3 months showed significantly reduced latencies in the hot-plate assay at high (55°C) but not at low (50°C) temperature setting when compared with healthy controls. Three weeks' treatment of diabetic mice with sRAGE (100 μg/mouse/day) completely restored pain perception. The number of mice studied was 5 for controls, 3 for diabetes, and 3 for diabetes plus sRAGE. **P < 0.005. (19, 24, 28, 36, 41, 42) , it is not clear whether this pathway underlies RAGE-dependent neuronal dysfunction in diabetes. In this context, NF-κB activation in the nervous system has been shown to induce expression of genes important for the cellular response to injury and neuronal plasticity (16) , such as IL-6, which is a proinflammatory gene product able to attenuate nociception (35) . Thus, it is possible that the initial pulse of NF-κB activation has cytoprotective properties in the setting of oxidant stress (26, 34, 44) . However, more sustained NF-κB activation might have deleterious consequences for neuronal properties. Alternatively, NF-κB activation in cells of the vessel wall of the vasa nervorum could lead to vascular dysfunction, and, subsequently, to neuronal dysfunction. An association between microangiopathy and neuropathy has long been considered (2, 6, 10, 45) , and the AGE-RAGE axis could be one mechanism by which vascular changes ultimately lead to neuronal damage. This interpretation is supported by the observation that the colocalization of CML, RAGE, NF-κB, and IL-6 was restricted to epineurial vessels, perineurium, and endoneurial vessels (Figure 1 ), while axons from both patients with diabetes and nondiabetic controls were negative for each of the 4 antigens. The discontinuity between sites of AGE accumulation, RAGE expression, and NF-κB activation and sites of sensory nerve function implies that chronic vascular dysfunction might directly mediate sensory deficits. This observation demands further studies elucidating the complex interaction between vascular and neuronal tissues.
NF-κB activation
Another consideration is that NF-κB activation and expression of NF-κB-dependent genes are not related to ultimate neuronal dysfunction. In this regard, the involvement of other signaling pathways, such as oxidantmediated pathways involving the MAPKs, is possible (46) . Additional studies are currently under way to assess the possible involvement of MAPKs in RAGE-mediated neuronal dysfunction. In a recent study examining the role of RAGE as a cofactor in Aβ-mediated neuronal dysfunction, we have found that, in an Aβ-rich environment due to overexpression of a transgene coding for mutant amyloid precursor protein, overexpression of neuronal RAGE accelerates impairment in spatial learning and memory in the radial arm water maze (47) . Furthermore, longterm potentiation is also reduced in mice overexpressing RAGE in the context of an increased Aβ load in the CNS (47) . These subtle changes in neurologic function occurred in the absence of overt cell death. We believe that there are strong analogies between the situation in which transgenic mice overexpress neuronal RAGE in an Aβ-rich environment and the observations presented here in diabetic mice. In both cases, sustained RAGE-mediated cellular activation results in neuronal dysfunction, most likely because of perturbation of intracellular signaling pathways. The findings presented in this study unequivocally delineate a role for RAGE, since deletion of the RAGE gene caused improved neurologic function.
It is important to point out that although deletion of the RAGE gene or blockade of RAGE (with sRAGE or antibodies to the receptor) had a strong protective effect in our studies, inhibition of cellular dysfunction in diabetic mice was not complete; i.e., despite inactivation of RAGE, activation of NF-κB and expression of IL-6 mRNA still occurred at a low level, and neurologic function (with respect to nociception) was not fully maintained. Moreover, RAGE deficiency did not protect from diabetes-induced loss of PGP9.5-positive small fibers ( Figure 6A ). These data suggest that although RAGE has a substantial role in mechanisms leading to neuronal
Figure 6
RAGE -/-mice are partly protected from diabetes-induced loss of pain perception, but not from diabetesinduced loss of PGP9.5-positive plantar nerves. (A) Immunohistochemical reaction of small fibers in footpad skin of WT and RAGE -/-mice with the neuronal marker gene product PGP9.5. The number of mice studied was 3 for healthy controls (black bars) and 5 for diabetic mice (gray bars). At least 3 visual fields were evaluated for each mouse. The mean ± SD is reported; **P < 0.005. Magnification, ×40. (B) Mean hind-paw lick latency in the hot-plate assay (50°C) in WT and RAGE -/-mice that were healthy (black bars) or had had diabetes for 6 months (gray bars). The number of mice studied was 6 for WT controls, 10 for WT mice with diabetes, 10 for RAGE -/-control mice, and 9 for RAGE -/-mice with diabetes. The mean ± SD is reported; *P < 0.05; **P < 0.005. (C) Extent of diabetes-induced loss of pain perception, evidenced by the increase (Δ) in paw lick latency in WT (light gray bar) and RAGE -/-(dark gray bar) mice. The mean ± SD is reported; *P < 0.05. stress and subsequent functional sensory deficits in diabetes, it is certainly not the only factor. However, by delineating AGE-RAGE interaction as a discrete target impacting on neuronal function, the current work suggests the potential utility of therapeutic approaches focused on RAGE in neuropathy, an area where few therapeutic options are currently available.
Methods
Patient characteristics
Nerve biopsy specimens were obtained from 10 patients with diabetic neuropathy. In 5 patients, diagnostic sural nerve biopsy was performed for exclusion of vasculitis. In 5 patients who had to undergo therapeutic amputation of the lower limb because of peripheral arterial occlusive disease stage 4, the sural nerves were taken out immediately after the amputation. Clinical characteristics and metabolic data are shown in Table 1 . The diabetic neuropathy was distal symmetrical in all patients and was diagnosed according to the San Antonio criteria (48). Other causative factors for polyneuropathies, such as neoplasia, bacterial, viral, or autoimmune inflammation, endocrinopathies (other than diabetes), chronic alcohol abuse, vitamin deficiency, drug or heavy metal intoxication, and hereditary factors, were excluded by a standardized diagnostic program (49) .
All patients with peripheral vascular disease (PVD) and 3 of 5 patients without PVD showed histologically detectable signs of vascular changes in epineurial and endoneurial tissue, such as thickening of basal membranes, intima hyperplasia, and endothelial cell swelling. All PVD patients presented with end-stage PVD and previous food ulceration (2 of 5 had no ulcer at the time of biopsy, 2 had dry and 1 had wet gangrene of the toes). Three of 5 patients presented with popliteal or tibial PVD, 2 with femoral PVD. Two patients had had previous bypass operation, 2 had undergone percutaneous transluminal angioplasty, and 2 had had amputation of the fore foot.
Morphologically, 8 of 10 patients with diabetic polyneuropathy had a predominant axonal neuropathy, 1 showed mainly demyelination, and another showed an axonal-demyelinating neuropathy. Five of 10 patients had thickening of the perineurium and/or subperineurial edema, and 8 of 10 had vascular changes in the epineurial vessels, such as thickening of basal laminae, intima hyperplasia, and sclerosis. Reduction of myelinated fibers was mild in 1 of 10, moderate in 8 of 10, and strong in 1 of 10.
The control group was formed by biopsies of sural nerves of 2 patients complaining of sensory and/or motor symptoms who underwent diagnostic biopsy but actually did not suffer from any neuromuscular disease, 4 patients with CMT type I (CMT-I), and 2 with CMT-II. None of the healthy controls had muscle weakness, sensory disturbances, or electromyographic or electroneurographic abnormalities, nor did they have histological alterations of the nerve as indicated by conventional light microscopy and immunohistochemical procedures for revealing and phenotyping of inflammatory cells. The diagnosis of CMT-I and CMT-II was established according to clinical and laboratory criteria (50) . Semithin sections in CMT-I patients showed classic onion bulbs. Naked axons were also noted. Sparse fibers underwent myelin breakdown. In the 2 patients with CMT-II, myelinated fibers were strongly reduced, with prominent endoneurial fibrosis and regenerating clusters. Like in CMT-I, the perineurium and the vessels did not show light-microscopic changes. All patients investigated gave their informed consent. The study was approved by the Ethikkommission der Universität Erlangen-Nürnberg.
Immunohistochemistry
Tissue samples were frozen immediately after biopsy in isopentane and cooled in liquid nitrogen as previously described (14) . The following antibodies diluted with 0.05 M Tris buffer or PBS were used: polyclonal rabbit anti-CML (1:1,600) (37); polyclonal RAGE anti-goat (1:4,000) (provided by Mark Shearman, Merck Sharpe & Dome Ltd.); polyclonal rabbit anti-NF-κBp65 (1:100); polyclonal rabbit anti-IL-6 (1:100) (Santa Cruz Biotechnology Inc.); monoclonal mouse anti-S100A8/A9 (clone Mac 387; 1:400) and monoclonal mouse anti-S100B (clone M 7221; 1:10) (both from DAKO Diagnostika GmbH); and anti-PGP9.5 (1:1,000) (Chemicon International Inc.). They were visualized using either the alkaline phosphatase anti-alkaline phosphatase (APAAP) immunostaining method (14) or peroxidase labeling techniques (24) . Negative controls for the staining specificity of all primary antibodies were performed with nonimmune Ig instead of the specific antibody. Faint Hemalaun counterstaining was used to reveal cellular structures. Each section was independently examined by 2 of the authors, both unaware of the sample identity. Staining intensities were evaluated according to the following score: 0, negative staining; 1, weak staining intensity; 2, moderate staining intensity; 3, strong staining intensity. Median values of the respective results were obtained for statistical evaluation.
Mouse models
β-Globin transgenic mice. Mice transgenic for an NF-κB-driven β-globin reporter gene (tg14) (33) were provided by Thomas Wirth (University of Ulm, Ulm, Germany). Eight-week-old mice were used throughout all experiments. One group was treated with STZ to develop diabetes (see below) and kept in the hyperglycemic state for 6 weeks with an average blood glucose level of 400 mg/dl. Other groups of mice were left untreated or treated once with 1,000 μg (500 μg i.p., 500 μg i.v.) murine native albumin or AGE-albumin (characterized as previously described in detail; ref. 24 ) at time point 0 and kept for 6 days. In addition, some mice received sRAGE (25 μg/mouse) (24), anti-RAGE antibodies (40 μg/ mouse) (24) at days 0 and 3, or the antioxidant thioctic acid (100 μg/kg/d) (51) . At the end of the experiments, mice were sacrificed, and sciatic nerves were removed and immediately snap-frozen for further analysis. Mice were housed in groups of 4 mice per cage with a 12-hour/ 12-hour light/dark cycle and free access to food and water. Procedures in this study were approved by the Animal Care and Use Committee at the Regierungspräsidium Karlsruhe, Germany.
RAGE -/-mice. RAGE -/-mice constructed on an SVEV129×C57BL/6 (129/B6) background are viable and display normal reproductive fitness (31, 36) . Experiments performed in the mixed background of RAGE -/-and WT mice were repeated with RAGE -/-mice and WT littermates after 2-4 backcrosses to C57BL/6 mice (F2-F4) with similar results (data not shown). Diabetes induction was performed in 6-week-old 129/B6 WT controls (Taconic) as well as age-and gender-matched RAGE -/-mice. After the onset of diabetes, mice were kept in the hyperglycemic state for 6 months. Mice were housed individually with a 12-hour/12-hour light/ dark cycle and free access to food and water. Procedures in this study were approved by the Animal Care and Use Committees at the Regierungsprä-sidien Tübingen and Karlsruhe, Germany.
Induction of diabetes using STZ
Eight-week-old β-globin mice or 6-week-old RAGE -/-or WT mice were used throughout the experiments. Diabetes was induced by i.p. administration of STZ at 60 mg/kg, freshly dissolved in 0.05 M sterile sodium citrate, pH 4.5, on 6 subsequent days. Control animals received sodium citrate only. Diabetes was verified 16-25 days later by measurement of blood glucose levels in samples from the tail vein using ACCU-CHEK glucose sticks and a conventional Accutrend glucometer (Roche Diagnostics Corp.). In the first 2 weeks after onset of diabetes, blood glucose was measured daily. If glucose levels occasionally recovered, an additional STZ injection was given on days 25-27. More than 90% of mice became diabetic within the first 4 weeks and were used throughout the experiments. As soon as blood glucose increased above 300 mg/dl, individual supplementation with 1-2 U Insulin Semilente (40 U/ml; Novo Nordisc) was started. After blood glucose levels had stabilized, blood glucose was determined at least once a week for the first 2 months and thereafter every second week. The tight blood glucose control kept the individual blood glucose levels stable throughout the experiments. At the end of the experiments, mice were sacrificed with CO2, and both sciatic nerves were dissected, weighed, and snap-frozen in liquid nitrogen for measurement of NF-κB binding activity and NF-κB-dependent gene expression.
EMSA
Nuclear proteins were harvested as described elsewhere (19, 20, 24) and assayed for transcription factor binding activity using the NF-κB consensus sequence 5′-AGTTGAGGGGACTTTCCCAGGC-3′ (binding region underlined). Specificity of binding was ascertained by competition with a 160-fold molar excess of unlabeled consensus oligonucleotides.
RT-PCR
RT-PCR was performed using 1 μg total RNA as starting material. PCR conditions for β-globin and β-actin have previously been described in detail (24) . For NF-κBp65 and murine IL-6 the following primers and conditions were used: NF-κBp65 (p65 forward, 5′-GCTACAAGTGC-GAGGGGC-3′; p65 reverse, 5′-GGGGTCTGCGTAGGGAGGG-3′): 1 cycle of 95°C for 360 seconds; 1 cycle of 94°C for 75 seconds, 52°C for 180 seconds, and 72°C for 60 seconds; 3 cycles of 94°C for 75 seconds, 55°C for 180 seconds, and 72°C for 60 seconds; 40 cycles of 94°C for 60 seconds, 65°C for 60 seconds, and 72°C for 60 seconds; and 1 cycle of 72°C for 600 seconds; murine IL-6 (IL-6 forward, 5′-GATGC-TACCAAACTGGATATAATC-3′; IL-6 reverse, 5′-GGTCCTTAGC-CACTCCTTCTGTG-3′): 1 cycle of 94°C for 240 seconds; 1 cycle of 94°C for 30 seconds, 55°C for 120 seconds, and 72°C for 60 seconds; 2 cycles of 94°C for 30 seconds, 60°C for 45 seconds, and 72°C for 45 seconds; 28 cycles of 94°C for 30 seconds, 65°C for 45 seconds, and 72°C for 45 seconds; and 1 cycle of 72°C for 600 seconds. The PCR products were separated onto 1.5-2% agarose gels and visualized by ethidium bromide staining. Amplification of β-actin served as control for sample loading and integrity. Reactions lacking template RNA or avian myeloblastosis virus-reverse transcriptase served as internal controls.
Isolation of DRG cells and ganglion cell culture
DRG were removed from 6-month-old female RAGE -/-and WT control mice and then isolated and cultured basically as described by Stucky and Lewin (52) . For each culture, 1 mouse was used. Nerve growth factor (mouse 7S; Sigma-Aldrich) was added to DMEM NUT MIX F-12 medium (Invitrogen Corp.), and cells were plated on coverslips coated with poly-L-ornithin and laminin (Sigma-Aldrich). Cells were incubated with native albumin or CML-albumin (800 nM). Where indicated, 100 μM thioctic acid (dissolved in NaOH; final concentration 0.1 μM) or 0.1 μM NaOH, the solvent of thioctic acid (data not shown), was added on days 1, 3, and 5. Cells were fixed on day 5, and immunhistochemistry for activated NF-κBp65 was performed as previously described (24) . Monoclonal anti-p65 antibodies, specific for active NF-κB, were initially obtained from Boehringer Mannheim GmbH and were later obtained from Chemicon International Inc. Positivity for activated NF-κBp65 was evaluated semiquantitatively by examination of 10 visual fields (magnification, ×200) of each coverslip (2 coverslips for each group) by 1 of the authors, who was unaware of the sample identity, using the following score: 0, negative staining; 1, weak staining intensity; 2, moderate staining intensity; 3, strong staining intensity.
Measurement of pain perception
Thermal nociception was studied using the hot-plate test with an electronically controlled hot-plate analgesia meter (Columbus Instruments) at 50°C and 55°C (38, 39) . Each mouse was removed from the hot plate when a jumping escape response occurred or hind paws were licked, or after a maximal cutoff time of 60 seconds (50°C) or 50 seconds (55°C) was reached. The latency until mice showed the first signs of discomfort (hind-paw lifting, licking, or shaking, and jumping) was recorded by 2 investigators (A. Bierhaus and P.M. Humpert). Five measurements, each taken 3 days apart, were averaged. Pilot experiments indicated that C57BL/6 WT mice and RAGE -/-mice were more sensitive in the hot-plate assay than β-globin transgenic mice. Therefore, the experiments with WT and RAGE -/-mice were performed at 50°C, while the increased response latencies in β-globin mice required an increase of the assay temperature to 55°C in order to generate sharp results.
Statistical analysis
All results are expressed as mean ± SEM. Unpaired, 2-tailed Student's t tests were used in all comparisons; P < 0.05 was considered to be statistically significant (denoted by single asterisks in the figures), and P < 0.005 to be highly statistically significant (denoted by double asterisks in the figures). Pearson correlation was performed using the StatView program (SAS Institute Inc.).
